We present first-principles calculations on bulk CdSe and CdSe nanowires with diameters of up to 22Å.
I. INTRODUCTION
Nanocrystals and nanowires (NWs) have become an important field in solid state physics, especially due to the recent advances in the growth methods. For example, the fabrication of CdSe NWs or nanorods with small diameter deviations and diameters down to a few nanometers has been accomplished. 1, 2 On a nanometer scale confinement effects strongly influence the electronic structure. While there has been considerable effort in understanding the electronic and optical
properties from theory 1, 3 and experiments 1, 4 there have been little efforts to understand the vibrational properties of such nanostructures and of bulk CdSe, either. The phonon dispersion of wurtzite CdSe is only partly available from experiments 5 . To our knowledge there is no firstprinciples calculation of the phonon dispersion available for hexagonal CdSe. Only a bond-charge model calculation with nearest neighbor interactions is available. 6 Recent studies on hexagonal materials, like, e.g. graphite, revealed that for a proper description of the vibrational properties of hexagonal systems interactions up to four nearest neighbors are needed. 7 Confinement effects have been discussed for nanospheres. 9 . Recently, Raman data on small axial-symmetric CdSe nanorods have been presented. 10 In the present work we concentrate on the vibrational properties of CdSe bulk and NWs. We compare nanowires with diameters between 5 and 22Å. Structural and electronic properties depending on the diameter and surface termination are investigated. We show how the counterparts of the optical bulk modes evolve in frequency with decreasing diameter. We find phonon modes with higher frequencies than in the bulk, that vibrate mainly on the surface.
II. CALCULATIONAL DETAILS
Two different DFT codes were used for the calculation of bulk properties and NW properties:
for the phonon dispersion of bulk material we used linear response, which is implemented in ABINIT. 11, 12, 13, 14 For large unit cells, as required by one-dimensional systems, however, plane wave basis sets are computationally very expensive. Therefore we used for NWs the SIESTA code that uses atom-centered confined numerical basis functions.
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The NWs were generated by cutting appropriate discs out of a wurtzite crystal. The cross section of the relaxed unit cells is shown in Fig. 1 . We used the local density approximation 18 .
Using gradient approximation should not influence the tendencies will impose. Pseudopotentials unit cell is indicated. As can be seen, near the surface, the Cd atoms (magenta, dark) move more inwards, as compared to bulk region. 17 were generated with the Troullier-Martins scheme 19 24 .
Symmetry considerations helped to reduce the calculation time. NWs can be described in terms of line groups, 25 which are the one-dimensional analogon to space groups. The NWs from Fig. 1 with a hexagon in the center (upper row) belong to the line group L(6) 3 mc which has the generator {C 6 |t/2}. This manifests itself in a screw axis. The NWs from Fig. 1 with three 120
• bonds in the center (lower row) belong to the line group L3m which has the generator {C 3 |0}. In large systems internal stresses can occur, therefore we symmetry based, iterative the relaxation process: After the NW was relaxed, we generated the whole wire by applying symmetry operations to a minimal set of atoms in the unit cell. This symmetry generated cell was relaxed again. This iterative process was repeated until all forces were below 0.04 eV/Å after generating the wire. Although the relaxation process is considered to not change the symmetry we observed better results with the generating method: Frequencies of phonons belonging to two-dimensional representations (degenerate frequencies) were separated by less than 0.05 cm −1 .
III. RESULTS AND DISCUSSION
The unit cell length c of the NWs changes with diameter and with the addition of a hydrogen passivation shell around them. We plotted the unit cell length c over the inverse diameter 1/d in The passivation with hydrogen atoms does not qualitatively change this reconstruction. After relaxation, the Cd-Se bonds show a broad distribution in lengths. In the core the bond lengths deviate from the bulk value by < 1 % , while those on the surface change by up to 5 % . The change in bond length causes changes in the force constants which will be discussed later.
CdSe has a direct electronic band gap. It is known from absorption or photoluminescence measurements that the band gap of CdSe nanocrystallites and NWs shows a strong size dependence. 1 In Fig. 2 (lower) we plot the band gap increase (compared to the calculated bulk value) over the inverse diameter. As can be seen the passivation influences the electronic band structure; it generally increases the band gap at the Γ point. At first sight this is a strange behavior as the H-atoms an overbending near the Γ-point, which can be found in other wurtzite crystals as well. 26, 27 When treating the vibrations in the zone-folding approximations, it is important to know whether or not there is overbending. 28 We have plotted a normalized histogram of the Γ-phonons of a representative NW into the bulk phonon density of states (DOS) in Fig. 3 . Acoustic modes below 75 cm −1 are shifted to higher frequencies, whereas the optical modes around 200 cm −1 are red-shifted, a general trend, e.g., as
reported by Sun in Ref. 29 . Additionally, optical modes in NWs are found with frequencies higher than the LO-mode in the bulk: These modes vibrate mainly on the surface, their frequency exceeding the bulk LO by at most 15 cm −1 . The reason for the increase lies in the higher coordination of the reconstructed Cd atoms as an inspection of the force constants for the outermost Cd atoms for the slab shows. The sum of the forces on this atom when slightly displaced is higher by 4 % than that of an Cd atom in in the center for equal displacement. Force constants of atoms lying in the 2nd layer or closer to the rotational axis do not significantly differ from those in the bulk. This is similar to the subsurface modes predicted for the zirconium surface. 30 We now focus on optical phonon modes that exist in bulk material and their counterparts in NWs. The evolution in phonon frequency with changing NW diameter is shown in Fig. 4 , where we plot the phonon-frequency difference between the NW and bulk over the inverse diameter. All considered bulk modes that belong to one-dimensional representations show a strong systematic redshift for reduced diameters (upper plot). 29 In contrast, the modes belonging to two-dimensional representations show a smaller size dependence (lower plot). The rigid shift of the E 1 -mode will be explained later. This different size dependence has also been predicted for Si NWs in 39 cm −1 . 5 We apply the same model to NWs and take the wire cross section times unit cell height as cell volume. To account for the one-dimensionality we only sum over k-vectors along the wire axis. The same dielectric constant ǫ || ∞ is used. 35 We obtain a splitting of only a few cm −1 for larger wires; much smaller than in the bulk. We attribute the underestimated splitting to the fact that the displacements within the LO mode in the NW are not well ordered. They are parallel only in the NW-core and even antiparallel near the surface. Consequently the polarization as sum of dipoles becomes weaker compared to bulk. In Fig. 4 the energy difference of the A 1 -modes is calculated without any contribution from the long-ranged Coulomb interactions, neither for bulk nor NWs. A rigid shift of the E 1 -mode was predicted by Fuchs and Kliewer 37 in a calculation of an ionic crystal slab. They showed that phonons with a polarization perpendicular to the slab surface have frequencies similar to the LO-mode in the bulk. This is attributed to surface charges. A characteristics of this mode is that the Cd and Se sub-lattices move into opposite directions. To verify this we calculated the phonon frequencies of a thin slab extending into the y and z-directions. The nonanalyticity is taken along z. We find that the degeneracy of the E 1 -mode is lifted into two modes:
One has a polarization perpendicular to the surface and a frequency of the LO in the bulk; the other one has a polarization vector parallel to the surface and a frequency of the E 1 -mode in bulk. The rigid shift of the E 1 mode in NWs is thus caused by surface charges in a one-dimensional system and the mode is degenerated again, but now has the frequency of the LO mode in the bulk. The E 1 -modes in Fig. 4 b) show a size dependence. This can be qualitatively explained considering the electric field generated by the surface charges, that becomes weaker for larger diameters.
IV. SUMMARY
We presented first-principles calculations of CdSe bulk and NWs. We used an iterative relaxation process that reproduces well the degenerate phonon modes. The effect of a H-passivation on NWs resulted in smaller unit cells and larger band gaps. We analyzed the vibrational properties of NWs. A reconstruction in the surface leads to higher force constants, resulting in surface modes with frequencies up to 15 cm −1 higher than in the bulk. The size dependence of phonon modes that correspond to bulk optical Γ modes was analyzed. We find that modes which vibrate mainly along the wire axis showed a stronger size-dependence than modes with eigenvectors perpendicular to the axis. 14 We used the LDA functional of Perdew and Wang in ABINIT. 38 The valence electrons were expanded in a plane wave basis with an energy cutoff of 30 Hartree. The 4d electrons of Cd were taken as valence. 
